The dominant paradigm for the disproportionate number of flowering plants is the unique coevolution that they underwent with pollinating insects. The theory underlying this biotic pollination hypothesis contradicts more generally accepted evolutionary theory. Furthermore, various lines of empirical evidence falsify the biotic pollination hypothesis: (a) several lineages of plants were insect pollinated -angiosperms, Gnetales, Bennettitales, Cheirolepidiaceae, Medullosales, and Cycadales -yet only the first four were ever diverse or underwent radiations; (b) the predicted rise in insect diversity, which was coupled with angiosperm radiation, does not appear in the fossil record; (c) the family Poaceae (grasses) are wind pollinated, yet are exceptionally diverse and species-rich; and (d) the family Formicidae (ants) were not pollinators, yet are exceptionally species-rich and ecologically dominant. I enumerate many alternate (and seldom investigated) hypotheses for these patterns of seed plant diversity, keeping in mind that although I show that insect pollination was neither a necessary nor sufficient condition for large numbers of species, it may have played a substantial role in both plant and insect speciation. Alternatively, existing theory regarding the biotic pollination hypothesis can be refined in an attempt to eliminate the aforementioned empirical anomalies and theoretical inconsistencies.
(angiosperm) species than there are species of all other extant seed-bearing plants (Table 1) . Similarly, three- portedly, angiosperms possessed a unique association with pollinating insects, which resulted in extreme radiation of both flowering plants and of their insect pollinators (Grant, 1949; Thompson, 1994 ; Grimaldi, animals and plants and to coevolution of insect herb-1999). In the last decade, the paradigm has slightly ivores and plant chemical defences. The purpose of shifted. Coevolution of pollinators and plants is still this paper is to review the underlying theory and considered the primary cause of radiations of insects test the hypothesis that insect pollination facilitated and flowering plants, but in part these radiations are increased flowering plant (and seed plant) diversity. I secondarily ascribed to coevolution of seed dispersing also briefly describe the interrelationships between these three coevolution hypotheses, although my focus is on insect pollination because it is still considered the primary cause of the radiations.
For the past 350 million years, seed plants have volatiles to attract pollinators (Fineblum & Rauscher, 1997) . Second, some insects both eat and transport been the cornerstone of terrestrial ecosystems. Before the origin of seed plants in the Late Devonian, records pollen (Darwin, 1876; Arber & Parkin, 1907 ; Kevan, of terrestrial fossil plants were limited to riparian Chaloner & Saville, 1975; Scott et al., 1992) . Third, areas, which form a miniscule fraction of terrestrial insect pollination can result in sparser plant popuecosystems (Edwards & Fanning, 1985; Retallack, lations, which thereby become more immune from , 1986 Behrensmeyer et al., 1992; Algeo & Scheck- herbivore infestations (Janzen, 1970; Regal, 1977) . It ler, 1998; Scott & Scheckler, 1998) . Immediately after may not be possible to separate the effects or processes their origin, seed plants colonized all these previously of these two coevolution hypotheses (Armbruster, 1997; depauperate lands. Furthermore, until the appearance Armbruster et al., 1997; Strauss & Armbruster, 1997) , of seed plants -and, to a lesser degree, prohence I will ignore such synergistic effects between gymnosperms -almost all plants were less than 1 m hypotheses and focus solely on the biotic pollination tall (Gensel & Andrews, 1984; Meyer-Berthaud, hypothesis. Scheckler & Wendt, 1999) . The colonization of most
The relationship between the biotic pollination hypoterrestrial environments by seed producing trees, the thesis and the biotic seed dispersal coevolution consequent soil formation and weathering, and the hypothesis (Herrera, 1989 ) is even clearer. In both resulting changes in ambient atmospheric conhypotheses, animals are transporting reproductive centrations of O 2 and CO 2 (McElwain, 1988;  McElwain plant parts: haploid pollen or diploid seeds. Some & Chaloner, 1995) may have caused the five mass insects both pollinate flowers and parasitise the seeds extinctions during a 20 million year period in the Late (Pellmyr, 1992; Thompson & Pellmyr, 1992; Pellmyr Devonian (Algeo et al., 1995; Retallack, 1997; Algeo & & Leebens-Mack, 2000) . The biotic seed dispersal hypoScheckler, 1998), forever altering terrestrial ecothesis has been largely rejected (Herrera, 1989) . systems.
A voluminous literature supports the biotic polThe biotic pollinator coevolution hypothesis is lination hypothesis (Proctor, 1978; Crepet, 1983 Crepet, , 1984 ; usually phrased vaguely. It originated from Darwin's Knoll, 1986; Friis, Chaloner & Crane, 1987; Thompson, (1859 Thompson, ( , 1862 Thompson, ( , 1876 invocation of Sprengel's (1793) 1994; Grimaldi, 1999) , although I disagree with many pioneering work on insect pollination. However, until of their inferences. I join the minority by arguing that fifty years ago, the mechanisms by which insect poleither animal pollination may not have played such a lination caused radiations of plants and insects had large role in radiation of angiosperms (Midgley & Bond, not been explicated. Radiations are dramatic increases 1991) or, alternatively, that animal pollination did play in speciation rate minus extinction rate. Specific flower a large role but the underlying theory is not adequately and insect morphologies could have served as isolating developed (Waser, 1998) . I provide a broad swath of mechanisms resulting in speciation of both plants and empirical evidence showing that animal pollination is insects (Grant, 1949; van der Pijl, 1960; Thompson, neither necessary nor sufficient for the evolution of 1994). This includes temporal isolation, ecological isollarge numbers of species. I also discuss how mechation, and other forms of sympatric speciation. Exanisms underlying the biotic pollination hypothesis tinction rates may have been lower for insect pollinated contradict more widely accepted and tested portions plants because they can be cross-pollinated at lower of evolutionary theory. For example, animal pollinated densities than wind pollinated plants and thereby plants should have lower heterozygosity (hence lower better able to withstand otherwise cataclysmic events, speciation rates) and larger geographic ranges (hence including herbivore or pathogen epidemics (Janzen, less chance for allopatric speciation) than do wind 1970; Raven, 1977) . pollinated plants. I conclude that researchers should Although I focus on the biotic pollinator hypothesis,
(1) focus on the many oft-neglected hypotheses that it is related to other coevolution hypotheses, such have been proposed to explain the preponderance of as the hypothesis that the proliferation of secondary extant angiosperms, hypotheses that I enumerate in chemical compounds in plants to deter herbivory resthe Appendix, and (2) attempt to refine existing theory ulted in increased plant speciation rates and decreased to reconcile apparently contradictory data and theory. extinction rates (Ehrlich & Raven, 1964; Scott, Stephenson & Chaloner, 1992) . These two coevolution hypotheses are related in at least three independent THEORY UNDERLYING THE BIOTIC ways. First, the chemicals that attract pollinators to POLLINATOR HYPOTHESIS plants may have the same precursors as those chemicals that deter herbivores (Pellmyr & Thien, 1986;  Theories regarding pollinator-plant coevolution are too sweeping in that they always predict increased prob- Pellmyr et al., 1991; Armbruster, 1997; Dobson & Bergström, 2000) . The plant may even make tradeability of radiation of both the plants and the pollinating animals. I first discuss existing theory and offs between synthesizing herbivore deterrents and then describe how this contradicts other, well-accepted needed to explain species-richness of all other angiosperm families. Another problem is that many exevolutionary theories.
tant species of Cycadales (cycads) have only a single known species of pollinator (Oberprieler, 1995b) , which EXISTING MODELS often needs to eat the starch of the cones (although, see Fawcett & Norstog, 1993 and Tang, 1997 citing The primary proposed mechanism by which pollinating unpublished work of Charles O'Brien for cycad species animals cause radiations is by increasing speciation with two putative insect pollinators). The Cycadales rates by establishing isolating mechanisms that prewere never a diverse lineage (Harris, 1961 (Harris, , 1964 Pant, vented Anderson & Anderson, 1989) , thereby falsifying parent species in zones of secondary contact (Grant, this one quantitative genetic model or inexplicably 1949). Without animal pollinators or without ethstrictly limiting its applicability to angiosperms. ological specialization of the animal pollinators, the
Other population genetic models of plant and polpreviously diverged populations might have interbred linating animal coevolution may eventually be derived and re-combined into one large sympatric population.
as corollaries of coevolutionary models of antagonistic However, if previously diverged populations each had relationships, such as between predators and prey, animal pollinators that somehow differed from each between disease causing organisms and hosts, or beother, then interbreeding might be precluded.
tween plants and herbivores. However, it is not obvious Grant's notions have been extended in recent years.
how well these models will apply when there is a Ecological communities are no longer considered comutualism that is beneficial to both organisms. Posiherent and static entities: component species in such tive and negative feedback models often give qualcommunities change greatly over time (Davis, 1986;  itatively very different results. Mathematical models Van Devender, 1990 al., 1996) , but it is not obvious how robust or applicable fluctuate. Although such a situation would be the death these are. knell for plants that are pollinated by a single animal
The biotic pollination hypothesis and all other exspecies, this may not adversely affect plants that are isting models of pollinator-plant coevolution are compollinated by several species. An obligately insect polparative in nature. The predicted radiations in linated species may have a geographic range that pollinator and animal pollinated plant lineages are includes several animal pollinator species, possibly relative to those lineages that are not pollinators and with non-overlapping ranges. This could result in difare not animal pollinated. Implicit in the biotic polferent plant specializations in areas where the pollination hypothesis is that with a pair of sister taxa, linators differ. Later, there can be despecialization, one of which was composed of animal pollinated plants when additional animal species -that are closely and the other composed of wind pollinated plants, on related to the original pollinator or are morphologically average there will be far less radiation in the wind similar to the original pollinator -become pollinators pollinated taxon. Radiation is a relative term used to of that plant. Iterated cycles of specialization followed describe a higher than average rate of speciation minus by despecialization may have caused angiosperm and extinction. The average rate is determined in cominsect radiations (Thompson, 1994) . This proposal has parison with the nominal case of non-pollinating anits roots in Darwin's (1862) discussion of an arms imals and wind pollinated plants. Therefore, a corollary race between plants and their pollinators and Fisher's of the biotic pollination hypothesis is that -in general (1930) discussion of runaway sexual selection. Un--there should be a lack of radiations of non-pollinating fortunately, no mathematical or population genetic animals and wind pollinated plants. model exists for this model of repeated cycles of speEthological isolation is a form of ecological isolation. cialization and despecialization nor for Grant's model It is generally believed that ecological isolation causes of floral isolation.
adaptive radiations via increased speciation rates, The only existing population genetic model for anrather than decreased extinction rates (Schluter, giosperm radiation is one in which insect pollinators 1998). As I show below, this distinction between spefeed from and pollinate a single plant species (Kiester, ciation and extinction rates contradicts other evolu- Lande & Schemske, 1984) . As the authors admit, this tionary models. model has limited applicability because most biotically pollinated plants and their pollinating animals are generalists (Waser et al., 1996) (Midgley & Bond, 1991) . However, asproductive parts than do wind-pollinated plants sume for the moment that animal pollinated plants ( Kress, 1981) . Often animal pollinated plants have have larger ranges, then they have much less potential pollen from a single male or bisexual individual landing for allopatric (Gulick, 1890; Mayr, 1942) and parapatric on a female flower or cone, whereas wind pollinated (Gavrilets, Li & Vose, 2000) speciation. Less allopatric species receive pollen from hundreds of male or biand parapatric speciation means lower speciation rates sexual individuals. Unless animal pollinated plants for the plants (Stebbins, 1981; Midgley & Bond, 1991) , have substantially larger effective population sizes directly contradicting the biotic pollination hypothesis than do wind or water pollinated sister taxa, which is (although, one also has to account for the lower exunlikely (Midgley & Bond, 1991) , these differences in tinction rates associated with larger geographic range). pollen load cause populations of animal pollinated Even in the Mesozoic, most putative pollinators had plants to have substantially lower heterozygosities the potential for long distance dispersal, especially in than their wind pollinated sister taxa. Lower hetmacropterous stages: grasshoppers in the Mesozoic erozygosities reduce speciation rates for animal polconifer family Cheirolepidiaceae (Krassilov, Zherikhin linated species because genetic variation is the fodder & Rasnitsyn, 1997); beetles in the Mesozoic order for speciation (Dobzhansky, 1937) .
Bennettitales (Crepet, 1972) ; and bees, flies, and Animal pollinated plants generally have subbeetles in Mesozoic, Cenozoic, and extant Cycadales stantially lower population densities than do wind (Ornduff, 1991; Fawcett & Norstog, 1993) . Conpollinated plants (assuming no difference in the relsequently, if insect pollination had any effect on inative geographic ranges of animal versus wind polcreasing seed plant diversity, it would have to have linated plants). Lower densities result in lower been via reduced extinction rates rather than raised extinction rates (Stebbins, 1981) , due to populations speciation rates, especially for plants that had animal being much less susceptible to plagues of herbivores pollinators that occasionally travelled far. The conor to microscopic pathogens. Dense populations sustain stantly changing constitution of ecological comepidemics much more readily than sparse populations. munities over geologically brief periods of time (Van Although lower extinction rates for animal pollinated Devender, 1990 ) -especially the changing suite of plants will have the same effect on overall plant diinsect pollinators -also reduces the possibility of versity as would increased plant speciation rates allopatric speciation in insect pollinated plants. (Raup, 1994) , the mechanism is different and is contrary to expectations from models of radiation via ecological isolation. Furthermore, these sparser plant EMPIRICAL EVIDENCE AGAINST THE BIOTIC populations would not affect insect speciation or ex-POLLINATION HYPOTHESIS tinction rates, contrary to the biotic pollination hypothesis.
The following four empirical arguments shed serious Similarly, decreased extinction rates in plants could doubt on the biotic pollination hypothesis. The first be due to populations being better able to withstand line of evidence is that insect pollination arose indecimations from herbivores or other environmental dependently in several lineages of seed plants, but shocks (Janzen, 1970; Raven, 1977) . This may be due some of these lineages were never diverse. Since sevto individual male or bisexual plants being able to eral of these animal pollinated lineages are extinct, increase their fitness because they do not need to invest this first argument requires substantial inferences as many resources on pollen production (Midgley & regarding insect pollination. For those readers wishing Bond, 1991) . This ability to withstand decimations to skip the details, a summary is given in Table 2 . may be accompanied by an increased geographic range
The other three lines of empirical evidence are that for the plant species, which acts against possible insect diversity decreased in the late Cretaceous during allopatric speciation.
the origin and initial radiation of angiosperms and Another proposed theory for decreased extinction that some highly diverse lineages of plants and animals rates is that, after decimation of plant populations by -namely ants and grasses -were never pollinators some catastrophic event, plant population densities nor animal pollinated. These lines of evidence require may have been too low to sustain themselves via wind fewer palaeoecological details hence I will take much less space discussing them. The arguments regarding pollination, but may have survived if animals carried 1986; Nixon et al., 1994) . This relationship is primarily dence imply that we should reject the biotic pollination based on pollen or prepollen with alveolate sexine and hypothesis, they do not close the door on the possibility lamellate nexine, which is unique to these two orders that insect pollination may have been partly or even (Taylor, 1978 (Taylor, , 1981 ; a vascularized integument, which largely responsible for radiations of insects and the is not found in any other non-flowering seed plants plants they pollinate. Instead, these four lines of evi-(Crane, 1985b); and fibres in secondary phloem, which dence may simply require revising or refining the are not found in any other Palaeozoic seed ferns (Smoot, mechanisms underlying the biotic pollination hypo-1984). thesis, i.e. a revision of the hypothesis itself.
Below, I discuss each of the animal pollinated lineages of seed plants separately, describing their NOT ALL INSECT SEED PLANT LINEAGES UNDERWENT diversity (heeding the warning of Harris (1961) re-RADIATIONS garding diversity of fossil taxa) and then describing Seed plants consist of the angiosperms, Ginkgophyta their pollination mode. Many of the inferences about (gingkos), Coniferophyta (conifers), Gnetales (possibly pollination mode in fossil plants are based on anatomy subsumed under Coniferophyta), Bennettitales (cyof the pollen or prepollen. Seed plants that are wind cadeoids), Cycadales (cycads), the seed fern orders pollinated generally have pollen or prepollen that is Calamopityales, Caytoniales, Buteoxylonales, Lyginoround, smooth, thin-walled, unclumped, not adhesive, pteridales, Medullosales, Callistophytales, Peltawith shallow or non-existent furrows, between 17 and spermales, Gigantopteridales, Glossopteridales, 58 m in diameter, and produced in much larger quantCorystospermales, and a few other orders such as ities than in insect pollinated plant species (Sprengel, Pentoxylales and Czekanowskiales. There remains an 1793; Wodehouse, 1935; Pederson, Friis & Crane, 1993 ; uneasy consensus that Bennettitales are closely reAckerman, 2000; also see Darwin, 1876). Seed plants lated to flowering plants (Crane, 1985a,b; Axsmith, that are animal pollinated generally have pollen or Taylor & Taylor, 1998; Doyle, 1998) , despite the recent prepollen that is large, sculptured, and coated with an demise of the anthophyte hypothesis. Recent molecular adhesive wax or oily substance (pollenkitt) that is work suggests that Gnetales and Coniferales are sister produced by the innermost layer of cells of the pollen taxa (Goremykin et al., 1996; Chaw et al., 1997;  sac. Pollenkitt causes pollen grains to clump to each Frohlich & Meyerowitz, 1997; Frohlich, 1999; Qiu et other and to pollinating animals (Sprengel, 1793; Samigullen et al., 1999; Winter et al., 1999; Eames, 1960; Chaloner, 1976) , deters herbivores (Dobson & Bergström, 2000) , attracts pollinators (Pacini & Chaw et al., 2000; Frohlich & Parker, 2000; Kuzoff Franchi, 1994) , and is a food source for pollinating primarily by a moth that also eats the pollen and is secondarily pollinated by a beetle. Both the plant and insects (Houston et al., 1993) . Inferences about pollination mode are also based on other evidence, such the moth genus have been found in the Cretaceous (Aptian). The moth has also been found in the Neoas presence of nectaries and fossil insect remains with attached pollen.
comian, pre-dating the origin of angiosperms (Whalley, 1978; Thien et al., 1985) . Pollenivory is believed to be Several seed plant lineages other than angiopserms have shown a preponderance of evidence of animal the evolutionary precursor of insect pollination (Darpollination in many, if not most, species: the Palaeozoic win, 1876; Arber & Parkin, 1907; Kevan et al., 1975 ; seed fern order Medullosales, extant and extinct mem- Scott et al., 1992; Krassilov & Rasnitsyn, 1996) and bers of the order Cycadales, the Mesozoic conifer family both pollination and pollenivory are seen in non-speCheirolepidiaceae, the Mesozoic order Bennettitales, cialized insects. Krassilov & Rasnitsyn, 1996) . Both biotic and abiotic pollination appeared very early in the angiosperm record and have remained in those same Angiosperms families to the present day. About one-third of extant The terms angiosperm and flowering plant are interangiosperm species are wind pollinated, while virtually changeable and include the ANITA clades magnoliids, all other angiosperm species are animal pollinated eudicots, monocots, Chloranthaceae and Cerato- (Darwin, 1876; Grimaldi, 1999) . phyllaceae (Kuzoff & Gasser, 2000) . I accept the generally, but not universally, held view that angiosperms as usually circumscribed are monophyletic (Donoghue Bennettitales & Doyle, 1991; Qiu et al., 1999) .
There is evidence for substantial Bennettitales diBased on evidence from pollen (Muller, 1984) and versity in the Mesozoic (Wieland, 1906; Harris, 1969 ; macrofossils (Wing, Hickey & Swisher, 1993 ), anPerson & Delevoryas, 1982 Delevoryas, 1991 ; Osborn giosperms were not nearly as diverse in the Cretaceous & Taylor, 1995; Krassilov, 1997) . Growth forms were as they currently are. Most Cretaceous angiosperm primarily restricted to plants resembling extant Cycaddiversity was in magnoliid clades and possibly in some ales, along with a few more slender species (Delevoryas early monocots (Friis, Pedersen & Crane, 1999) . Before & Hope, 1976) . Diversity of growth forms in this order the Cretaceous-Tertiary extinction and certainly bewould increase if Pentoxylon is also considered part fore the Late Cretaceous, there were very few eudicot of the Bennettitales (e.g. Doyle & Donoghue, 1986) . species (Magallón, Crane & Herendeen, 1999) . CreBennettitales abundance seemed to mirror that of taceous flowering plants were not ecologically domGnetales (and Cheirolepidiaceae?) in xeric areas inant (Wing & Boucher, 1998) . The first appearance of throughout the Cretaceous (Doyle et al., 1982) . angiosperms in the palynological record displayed a Most Bennettitales were probably insect pollinated substantial abundance and variety of pollen types, (Scott, 1900; Leppik, 1960) . Except for some later which was followed almost immediately by a drastic putatively derived species, Bennettitales had rediminution in both abundance and variety (Hughes productive structures containing both functional & McDougall, 1987) . Late Cretaceous angiosperms, female and male parts (Crane, 1988) . All known specihowever, displayed a wide diversity of growth forms: mens had somatic tissue completely enveloping and from small herbs to large trees.
separating the male and female reproductive strucAmongst the earliest angiosperms, there were both tures. This required self-pollination, parthenogenesis, biotically and abiotically pollinated taxa. Some of the or animal pollination, the latter of which is most likely. earliest bona fide angiosperms belonged to the family Burrowing insects are believed to have transported Chloranthaceae (Walker & Walker, 1984; Dilcher, pollen from male to female reproductive parts, espe- Krassilov & Douglas, 1996; Dilcher, 2000) , which concially on the many species with monosporangiate cones tained both wind and animal pollinated species (Thien (Crepet, 1972 , 1974 Crepet, Friis & Nixon, 1991) . Even et al., 1985; Friis, Crane & Pedersen, 1986; Friis et in monoecious species, burrowing beetles have been al., 1987). A bit further up in the stratigraphic record found in the cones (Delevoryas, 1968; Crepet, 1974) , is a preponderance of Platanaceae and Winteraceae with their tunnels almost always located so that they fossils (Doyle, Hotton & Ward, 1990; Krassilov, 1997) .
are "ideal pathways to insure optimum pollen deBoth extant and extinct Platanaceae were wind pollinated. An extant genus of Winteraceae is pollinated position" (Crepet, 1972) . Pollen exine sculpture was generally psilate (Osborn & Taylor, 1995) , indicative Unlike Gnetum and Welwitschia, there is still debate whether Ephedra is predominantly wind pollinated of beetle pollination or wind pollination in extant angiosperms (Grayum, 1986) . All but the earliest and (Hesse, 1984) or animal pollinated (Moussel, 1980 according to Hesse, 1984 . The aerodynamics around putatively most ancestral species of Bennettitales had helically arranged perianth-like bracts (Crane, 1988) , female Ephedra cones indicates wind pollination (Niklas, Buchmann & Kerchner, 1986; Niklas & Buchwhich mann, 1987; Buchmann, O'Rourke & Niklas, 1989) . The inner whorl of these bracts usually had no stomata
On the other hand, gauze around female cones of (Krassilov, 1997 : 31-32 attributed to Harris, 1973 another Ephedra species precludes pollination when without citation), akin to typical angiosperm corollas.
the mesh of the gauze is fine enough to allow in windResin-like structures, which may have been extraborne pollen but not allow in putative pollinators (Bino floral nectaries, were found in male cones of one species et al., 1984) . No definitive exclosure experiments have (Harris, 1969) . Most species of Bennettitales were probbeen conducted with this genus. Other evidence for ably insect pollinated.
insect pollination in Ephedra (and Welwitschia) are coloured cones and subtending bracts.
Gnetales
Gnetum was first suspected of being insect pollinated because of sticky pollen that aggregates in strands, Gnetales underwent a substantial radiation in the extra-floral nectaries that are high in sugar content, Middle Cretaceous, which began simultaneously with odour emitted by male cones, and presence of the the origin of angiosperms (Hughes & McDougall, 1987;  ancient lineage of bees at nectaries (van der Pijl, 1953; Krassilov, 1997 attributed to Pons et al., 1992 but Michener & Grimaldi, 1988 . Gnetum is remarkable without citation). At low palaeolatitudes, this Gnetales in having pollen tubes germinate in the micropylar radiation occurred in similar ecological niches as the canal, rather than directly on the nucellus (Krassilov, Cretaceous angiosperm radiation (Doyle et al., 1982; . Most species of Gnetales are insect pollinated. Crane & Hult, 1988; Crane & Lidgard, 1990; Ibrahim, 1996; Krassilov, Dilcher & Douglas, 1998) . At all paCheirolepidiaceae laeolatitudes, diversity of Gnetales pollen forms in the Cretaceous was much greater than in extant Gnetales
The Cheirolepidiaceae are unequivocally a member of (Takahashi, Takai & Saiki, 1995) , reflecting a larger the division Coniferophyta, but it is unclear how they diversity of Cretaceous Gnetales growth forms. There are related to other conifer lineages. This family is is already a wide range of growth forms in the three beautifully defined and circumscribed by its pollen, extant genera: from shrubs, to trees, to lianas, to the Classopollis. The Cheirolepidiaceae originated in the unique growth form of Welwitschia mirabilis. Some Late Triassic (or Mid Triassic according to Scheuring, Cretaceous Gnetales resembled extant forms (Kras-1976) and went extinct at the Cretaceous-Tertiary silov et al., 1998), while others such as Drewria were boundary. herbaceous (Crane & Upchurch, 1987) . Having herbs There is substantial evidence that the Cheiroand other small growth forms within a lineage probably lepidiaceae diversified greatly in terms of both species results in much higher diversity within that lineage, numbers and growth forms (Watson, 1988) and that especially when coupled with barriers to gene flow, these conifers predominated ecologically in many hot such as insect pollination or self-incompatibility (Levin climates throughout the world -in much the same & Wilson, 1976) .
way as angiosperms do today -during portions of Many extant Gnetales are insect pollinated, espethe Upper Jurassic (Vakhrameev, 1970; Filatoff, 1975; cially in Gnetum (van der Pijl, 1953; Kato & Inoue, Vakhrameev, 1981; Alvin, 1982) , Early Cretaceous 1994; Kato, Inoue & Nagamitsu, 1995) and Welwitschia (Mü ller, 1965; Alvin, 1982) , Middle Cretaceous (Doug- (Hooker, 1863; Bornman, 1978; Crane & Hult, 1988; las, 1985; Watson, 1988) , and possibly even in the very Wetschnig & Depisch, 1999). All Gnetales have a pollen Late Cretaceous (Krassilov, 1997: 112, citing Krassilov, droplet produced on the ovuliferous (but sterile) portion 1979). Growth forms included small herbs (Watson, of each male inflorescence at the time of pollen de-1977) , thick tangled mats (Daghlian & Person, 1977) , hiscence. The pollen droplet has a higher sugar consmall stem succulents (Watson, 1977;  Upchurch & centration than is typically found in wind pollinated Doyle, 1981) , large pachycauls (Watson, 1988) , manspecies of seed plants, an indication of possible animal grove forests (Hughes & Moody-Stuart, 1967; Batten, pollination (Baker & Baker, 1975; Bino, Devente & 1974; Hlustík, 1984) , and large woody trees (Francis, Meeuse, 1984; Tang, 1987; Kato & Inoue, 1994) . All 1983). "Hlustík sees the Cheirolepidiaceae as a very Gnetales have sticky pollen, although there is debate large plastic group producing nearly all possible morwhether this is due to pollenkitt or to high sugar phological variations of a coniferous habit, ecologically concentrations in the pollen droplets coating the pollen rather than phylogenetically controlled, with Classopollis [pollen] as the sole phylogenetic fixed point" (Hesse, 1980 (Hesse, , 1984 . (Watson, 1988 , 1990) . In some samples, Cheirolepidiaceae grow far to deposit the sperm cells, which may have pollen constitutes between 50% and 90% (Vakhrameev, facilitated self-incompatibility mechanisms, in which 1970) of the pollen, which is indicative of wind polthe cone scale cuticles interacted with the growing linated species in extant ecosystems (Erdtman, 1935) . pollen tube (Watson, 1988; Taylor & Taylor, 1993) .
However, these truly high abundances of CheiroSuch self-incompatibility systems are often associated lepidiaceae pollen only occurred in the Middle and with animal pollination.
Late Cretaceous when its pollen was predominantly Cheirolepidiaceae pollen (i.e. Classopollis) also profound in monads, rather than tetrads or dyads. vides strong indication of self-incompatibility and Pollen tubes growing a substantial distance across animal pollination (Chaloner, 1976) . Cheirolepidiaceae female cone scales are not necessarily indicative of pollen is often found in tetrads, held together by exinal self-incompatibility or insect pollination. All extant threads, and possessing a pollenkitt-like substance members of the conifer family Araucariaceae (Bur- (Scheuring, 1976) , which are strong indications of lingame, 1913; Eames, 1913; Owens et al., 1995) have animal pollination in extant angiosperms (Heslop-Harpollen tubes growing the length of female cone scales, rison, 1971; Walker & Doyle, 1975; Chaloner, 1976;  which can take from 5 to 24 months to reach the Alvin, 1982; Dickinson, Elleman & Doughty, 2000; nucellus, sometimes including growing through tissue Pacini, 2000) . Cheirolepidiaceae pollen had highly enveloping the cone scales. Another pair of extant elaborate exines, even more so than in any extant genera in the conifer families Pinaceae and Podoangiosperms (Pettitt & Chaloner, 1964) , highly incarpaceae have independently evolved incidences of dicative of self-incompatibility (Zavada, 1984 (Zavada, , 1990  pollen grains landing on cone scales and pollen tubes Zavada & Taylor, 1986) . Contrary to widely held beliefs, then growing to the ovule (Doyle & O'Leary, 1935 ). Yet, there is limited evidence of self-incompatibility in exall extant conifers are assumed to be wind pollinated tant conifers (Owens, Takaso & Runions, 1998; Ru-(Owens et al., 1998) . Nevertheless, despite isolated nions & Owens, 1998) and therefore reason to believe evidence for wind pollination in Cheirolepidiaceae, that self-incompatibility could have existed in Cheirocumulatively, the evidence is convincing that most lepidiaceae. Pollen was probably sequestered in male species were insect pollinated, especially in the Triassic cones for a considerable time after dehiscence from through Early Cretaceous. pollen sacs, which is indicative of animal pollination or pollen release conditioned on environmental cues Cycadales (Alvin, Watson & Spicer, 1994) . Two grasshopper species have been identified as putative pollinators, based
The Cycadales originated in the Pennsylvanian and on Cheirolepidiaceae pollen being the primary contents were never diverse (Zhifeng & Thomas, 1989) , either in their guts (Krassilov et al., 1997) . Pollen herbivory in terms of number of species or number of growth is often associated with and may have been the preforms. All extinct and extant cycads have roughly the cursor of animal pollination (Darwin, 1876; Kevan et same appearance: unbranched pachycauls. Only the al., 1975; Krassilov & Rasnitsyn, 1996) . Cumulatively, ultimate size of the plant and the proportions seem to this provides strong support for insect pollination have varied, with more slender stems in the Palaeozoic throughout the Cheirolepidiaceae.
and Mesozoic (Delevoryas & Hope, 1971) . The paucity of extant taxa is typical of cycad diversity throughout Individually, each aspect of the evidence for animal the Palaeozoic, Mesozoic, and Cenozoic (Harris, 1961 (Harris, , 1935 Taylor, 1978; Dilcher, 1979; Taylor & Millay, 1979) . All Monoletes prepollen grains possessed a lu-1964; Pant, 1987; Anderson & Anderson, 1989 (Taylor, 1971; Stidd et al., 1977; Dickinson et al., 2000) often associated with attracting insects and/or selfof H. G. Hubbard; Rattray, 1913; Baird, 1939 citing incompatibility (Zavada & Taylor, 1986) . A 2 m-long unpublished work of C. A. Gardner; Norstog, Stevenson myriapod has been proposed as one possible pollinator, & Niklas, 1986; Tang, 1987; Norstog & Fawcett, 1989;  based on leg segments containing Monoletes (Scott & Oberprieler, 1989; Vovides et al., 1993; Oberprieler, Taylor, 1983 based on a re-examination of the specimen 1995a). One extant cycad species is pollinated by a bee in Richardson, 1980) and evidence that the myriapod in the genus Trigona, a genus that has existed since the was herbivorous (Rolfe & Ingham, 1967) . Insect polMiddle Cretaceous, adding credence to the hypothesis lination has also been proposed (Taylor & Millay, 1979) . that insect pollination may have been an ancestral Monoletes prepollen has been found in arthropod copcharacter in the Cycadales (Michener & Grimaldi, rolites (Baxendale, 1979) , evidence of pollenivory and 1988; Ornduff, 1991) . Many extant cycads are polpossible pollination. linated by beetles (e.g. Fawcett & Norstog, 1993) , which
The remaining Medullosales (i.e. the remaining two are considered to be the earliest pollinators (van der prepollen types) had much smaller prepollen grains, Pijl, 1960; Farrell, 1998; Grimaldi, 1999) . Nectaries in but were probably also insect pollinated, based on female cones that are not associated with pollen dropexine cavities in Parasporites and spines on the surface lets have been found in Pennsylvanian (Mamay, 1976) of Nanoxanthiopollenites that are typical of animal and Cretaceous (White, 1986) cycads. The nectar in pollinated species (Taylor, 1979 (Taylor, , 1981 . Although pollen droplets of extant cycads have ratios of fructose, Parasporites prepollen had sacci, they were small and sucrose, and glucose that are similar to those found in virtually vestigial (Taylor, 1981) . Both Parasporites flowering plants and is rich in amino acids (Tang, and Nanoxanthiopollenites prepollen were too large to 1995), which is indicative of animal pollination.
have been transported by wind (Dennis & Eggert, Cycad pollen is almost too large to be effectively 1978; Millay, Eggert & Dennis, 1978; Taylor, 1979) . transported by wind, especially since the pollen is Possible nectaries not associated with pollen droplets sticky and grains tend to clump (Norstog & Nichols, have been found in association with Medullosales seed-1997). In some extant cycad species, pollen may posbearing fronds (Halle, 1929) . In conjunction with exsibly be transported by wind to the outside of the tensive evidence from prepollen, Medullosales were female cone and then transported by insects from the almost certainly animal pollinated. outside of the female cone to the megagametaphyte (Niklas & Norstog, 1984; Norstog, 1987) 
-confounding
Summary regarding seed plant pollination and conclusions drawn from air-flow experiments over diversity cones (e.g. Niklas, 1981 Niklas, , 1985 . Several researchers are beginning to wonder whether any cycads are or Six lineages of seed plants predominantly had insect ever were exclusively wind pollinated (Norstog, 1987; pollination: angiosperms, Gnetales, Cheirolepidiaceae, Connell & Ladd, 1993; Wilson, 1994; Donaldson, Nä nni Medullosales, Cycadales, and Bennettitales. These are & Bösenberg, 1995; Norstog & Nichols, 1997) . the only lineages that had animal pollination, except for extremely scant evidence in Lyginopteridales (nectaries not associated with pollen droplets; Oliver & Medullosales Scott, 1904 attributing this suggestion to Joseph The Medullosales are a strictly Palaeozoic order that Hooker), Cordaitales (very large prepollen grains in went extinct in the Permian and were never known to some species; Taylor & Taylor, 1993 ; Poort, Visscher be very diverse (Delevoryas, 1955; Stewart & De-& Dilcher, 1996) , and Caytoniales (pollen found in levoryas, 1956), although they were widespread and coprolites; Harris, 1946 Harris, , 1956 Harris, , 1964 . Brenneria with abundant (Stewart & Delevoryas, 1956 ; DiMichele & Decussosporites pollen may have been insect pollinated Phillips, 1988) .
(based on pollen sac anatomy and relatively low It appears that all Medullosales were animal polnumbers of pollen grains; Pederson et al., 1993) , but linated. Most Medullosales prepollen is in the pollen the systematic position of this taxon is unknown. genus Monoletes, which were so large -0.2 to 0.6 mm Angiosperms, Bennettitales, Gnetales, and Cheirolong and two-thirds that in width (Wodehouse, 1935 lepidiaceae each had substantial radiations and animal citing both Renault, 1876 and Saporta & Marion, 1885;  pollination, which supports the biotic pollination hypo- Delevoryas, 1964; Taylor, 1971; Stidd, Leisman & Phil- thesis. The Medullosales and Cycadales, however, falslips, 1977) -that they would have fallen straight to ify this hypothesis because neither ever underwent radiations. the ground unless transported by animals (Wodehouse, The most species-rich plant taxa had animal polCretaceous, concomitant with presumed angiosperm origins (Grimaldi, 1999) . lination in many species. But animal pollination was no guarantee of species richness, as evidenced by the Another problem highlighted by a broad scale look at the insect fossil record throughout the Mesozoic and paucity of angiosperms in the Mesozoic, Gnetales in the Cenozoic, and cycads throughout their existence.
Cenozoic is that these extraordinary insect radiations appear to be almost entirely due to decreased extinction rates, rather than increased speciation rates (La- et al., 1994) . Insects appear to have speciation ORIGINATED rates comparable to virtually all other animal taxa, but have very low extinction rates. This is the exact The biotic pollination hypothesis also predicts that opposite of what is predicted from radiations that are lineages of pollinating insects should have radiated driven by ecological isolation (Schluter, 1998) . along with their host plants. Thus, there should be a correlation between insect and angiosperm diversity. About one-third of extant angiosperm species are wind of angiosperms to ecological dominance in the Early pollinated (Darwin, 1876; Grimaldi, 1999) , including Cenozoic (Wing et al., 1993) . The fossil record shows those in one of the most species-rich families: Poaceae that insect diversity remained low until the origin of (grasses) with over 10 000 extant species in over 500 seed plants in the Late Devonian and then increased genera. With few exceptions, Poaceae are exclusively at roughly a constant rate from the Late Devonian wind pollinated. One exception is Paspalum dilatatum, until present (Labandeira & Sepkoski, 1993) with the which has larger pollen grains than most grasses, has anticipated exception of a drastic decrease during the over one-third of its pollen grains sticking together, Permo-Triassic mass extinction and an unanticipated and has well-documented insect pollination (Adams, exception of a decrease in insect diversity in the Middle Perkins & Estes, 1981) . A few small genera of bamboos Cretaceous concomitant with angiosperm origin (Jarhave exine structures indicating insect pollination zembowski, 1989, 1995) . This is the exact opposite of (Salgado-Labouriau, Nilsson & Rinaldi, 1993) and have what the biotic pollination hypothesis predicts. After pollen-carrying insects found at open flowers (Davis & the Cretaceous-Tertiary mass extinction, the rate of Richards, 1933; Soderstom & Calderon, 1971 ), but insect diversity returned to and stayed at levels that definitive exclosure experiments have not been done. were indistinguishable from those in the Triassic and Despite these few exceptional species, wind pollination Jurassic (Labandeira & Sepkoski, 1993) . There is nothis undoubtedly ancestral in Poaceae, and all or most ing in the insect diversity data to indicate coevolution of grass species were wind pollinated during the major insects and angiosperms. If anything, insect diversity radiations of grasses. increased due to the presence of seed plants, whether Such a large radiation of wind pollinated plants they were biotically pollinated or not.
implies that there exist mechanisms other than animal Although the biotic pollination hypothesis predicts pollination generating plant radiations. Likewise, ants radiations of both animal pollinated plants and their show that there must be mechanisms other than biotic pollinators, the radiations of plants and animals need pollination generating animal radiations. not be perfectly symmetrical. For example, many polGrasses are not the only example of a flowering plant linating insects require a temporal or spatial sequence lineage that has radiated despite insect pollination. of different species of flowers from which to feed. The However, it is the largest such family and has the flowering periods of many plants are often too short most striking absence of insect pollination. Likewise, to support the entire life cycle of a given pollinating although the discussion below is on ants being a large animal. Similarly, many animal pollinated species are family of insects that are virtually never pollinators, too sparsely populated to supply the complete nuother less poignant examples of such non-pollinating tritional requirements of a given pollinating animal.
insect taxa exist. With such plants, there is less likelihood of animal speciation than plant speciation because of the lack ANTS ARE DIVERSE, YET WERE NOT POLLINATORS of dependence of the animal upon one specific plant species. Asymmetries between plant and insect raIf pollinating insect and angiosperm radiation were diations may help explain the decrease in overall insect truly linked, then those lineages of insects that were diversity during the Middle Cretaceous.
not pollinators should have very few species with little It may be too simplistic to consider overall insect diversity. The ant family, Formicidae, originated at diversity. There was an apparent increase in diversity roughly the same time as angiosperms (Middle Cretaceous) and radiated in the very early Cenozoic as of certain presumed pollinating insects in the Middle did angiosperms (Hölldobler & Wilson, 1990) . Ants lineages were predominantly insect pollinated, yet secrete antibacterial and antifungal compounds from were only diverse for a time or were never diverse. metapleural glands that also inhibit pollen gerThe Gnetales are no longer diverse. The once diverse mination and retard pollen tube growth (Beattie et Cheirolepidiaceae and Bennettitales went extinct at al., 1984) . Very few ants are pollinators, and these or around the Cretaceous-Tertiary boundary. The seed associations are derived. Winged male ants cross polfern order Medullosales was never diverse and went linate a few species of Orchidaceae (Peakall, Beattie extinct at the Permo-Triassic boundary. Most per-& James, 1987; Peakall, Angus & Beattie, 1990) and suasive, is the order Cycadales, which was never dia few species in other families (Hickman, 1974; Wyatt, verse and was probably pollinated by insects since 1981; Gómez & Zamora, 1992;  its origin in the Palaeozoic. Insect pollination is no Gómez et al., 1996; Gómez, 2000) . Wingless worker guarantee of plant diversity. ants apparently only self pollinate plants; walking Several researchers claim that animal pollination takes longer than flying, allowing time for metapleural does not by itself guarantee species diversity, but that secretions to render pollen inviable (Ramsey, 1995;  animal pollination coupled with one or more other Gómez, 2000). Although not nearly as species-rich as factors, such as animal dispersal of seeds, does guarother more ancient insect lineages such as beetles, antee species diversity (Regal, 1977; Burger, 1981) . ants form one of the most successful and diverse insect Medullosales, Cycadales, and Cheirolepidiaceae profamilies, with approximately 9600 species in 300 genvide readily available tests for such hypotheses. For era (Bolton, 1995) . Such success runs contrary to the example, extant Cycadales have seeds that are primpredictions of the biotic pollination hypothesis.
arily dispersed by animals (Jones, 1993) . Furthermore, cycads may be involved in a coevolutionary arms race with herbivores detoxifying or sequestering novel plant CONCLUSION chemical defences (reviewed in Norstog & Nichols, 1997) . Thus, even if all three of these principal Coevolution with animal pollinators appears to be coevolution hypotheses are concurrently evoked, neither a necessary nor sufficient condition for largeradiations are still not guaranteed. scale diversification of seed plants. Several unrelated A factor that has never been explicitly considered in plant lineages -angiosperms and Bennettitales (i.e. seed plant species diversity is siphonogamy, in which the remaining anthophyte lineages), Gnetales, and sperm cells travel down a pollen tube to the egg cell Cheirolepidiaceae -underwent major radiations in the (as opposed to zoidogamy, in which flagellated sperm Late Mesozoic, although only the initial Cretaceous cells swim from the pollen or prepollen grain to the radiations of angiosperms and Gnetales appeared to egg cell). Animal pollination coupled with siphonogamy be concomitant. These are the only four truly speciesmay be enough to guarantee species diversity, with rich seed plant lineages. Each of these lineages was the caveat that diversity of animal pollinated lineages predominantly insect pollinated. By itself, this implies may not recover from mass extinctions. Medullosales that animal pollination is a necessary condition for and Cycadales are zoidigamous (Stewart, 1951 ; Norhigh species diversity.
stog & Nichols, 1997) and never were diverse, while The conclusion that animal pollination is a necessary diversity of the siphonogamous Gnetales, Bennettcondition for high species diversity is, however, disitales (Rothwell & Stockey, 2001 ) and Cheiropelled by the family Poaceae (grasses), which has an lepidiaceae were great in the Jurassic and Cretaceous, extraordinary number of species, is well-circumscribed until plummeting precipitously at the Cretaceous-(i.e. there is no question as to whether species belong Tertiary mass extinction. Such an explanation would to this family), yet is virtually exclusively wind polremove the exceptional cases of the Medullosales and linated. There is no evidence that anything but wind Cycadales. Pollen tube competition provides a possible pollination was ancestral in grasses. The enormous causal mechanism by which siphonogamy may result success of the ant family, Formicidae, also dispels the in increased speciation rates. Zoidigamous plants notion that insect pollination is a necessary condition either lack pollen tubes or have very different looking for high species numbers of plants and insects. Alpollen tubes than do siphonogamous plants. Unlike though ants have not been pollinators, ants originated pollen tubes in most siphonogamous taxa, zoidigamous and radiated almost simultaneously with angiosperms.
pollen tubes are always branched (except when just I have focused on grasses and ants because they are germinated) and never carry sperm cells. My conlarge, important lineages that are exceptional cases.
jecture that pollen competition is limited to siGrasses and ants show that animal pollination is not phonogamous plants is an extension of Mulchay's a necessary condition for high species numbers.
(1979) hypothesis that only angiosperms experience There is also a preponderance of evidence dispelling pollen tube competition. the notion that animal pollination is a sufficient condition for high species diversity. Several seed plant Any hypothesis should be considered suspect if it is not sufficiently explicated or if it yields predictions have experienced polyploidy events, which could be inferred if one were to find increased cell size in closely that are incommensurate with hitherto well-tested related individuals over geologic time, especially larger theory. The biotic pollination hypothesis predicts instomatal guard cells as chromosome numbers doubled creased speciation rates for both pollinators and the (Masterson, 1994) . In the Mesozoic, Coniferophyta plants that they pollinate. However, homozygous polcontained two species-rich lineages: Gnetales and len loads on animal pollinated plants implies lower Cheirolepidiaceae, whose fossil remains should show speciation rates for plants and no change in speciation a progression of larger guard cells in closely related rates for pollinators. Lower densities for animal polindividuals over time through the Mesozoic if the polylinated plants results in lower extinction rates (not ploidy hypothesis is correct. By contrast, there should higher speciation rates) for the plants and no change be no systematic change in guard cell size through in extinction or speciation rates for the pollinators.
time in the species-poor Cycadales and Medullosales. Larger geographic ranges for animal pollinated plants
Other hypotheses seem even easier to test, such results in lower speciation rates for the plants due to as the hypothesis that angiosperms had increased smaller probabilities of allopatric speciation and, capacity for cell elongation following hormonal exagain, no change in speciation or extinction rates for posure, especially with root hairs and trichomes the pollinators. Since the biotic pollinator hypothesis (Stebbins, 1981) , thereby gaining a selective advantage and these other evolutionary hypotheses yield diaover other seed plants. Yet, such a test has never been metrically opposite predictions given the same preperformed. mises, we should question each of the hypotheses, but
Further investigations into the extraordinary especially the biotic pollinator hypothesis because it modern preponderance of flowering plants and insects is the least parsimonious, least well tested, and least should proceed along two different tacks. First, there general.
are many alternative hypotheses to explain the preAnother problem with existing theory is that quanponderance of angiosperms, most of which do not intitative models have not been proposed for any of voke coevolution with insects. These other hypotheses the verbal models of angiosperm radiation, with the (Appendix) are seldom mentioned, let alone inexception of one model that is of very limited apvestigated. Although beyond the scope of this paper, plicability (pollinating insect specialized to a single it is time to unearth them -remembering that they plant species). And, that one quantitative model yields may act in tandem -and give them the consideration predictions that are incommensurate with cycad dithey deserve. They may prove to be the key to exversity. The theory underlying coevolution of plants plaining some anomalies, such as the concomitant and animal pollinators is inconsistent with other betradiations of ants and angiosperms. Second, because ter-established theories and incommensurate with of the corpus of knowledge regarding pollinator-plant data. One of two things can be done to resolve this coevolution accumulated at least since Darwin, it is conundrum: abandon the biotic pollination hypothesis time to explore models of pollinator-plant coevolution or refine the biotic pollinator hypothesis so that it that are more quantitative than the current verbal accounts for the inconsistencies (Lakatos, 1970) . models of the biotic pollination hypothesis, thereby Refinements of the biotic pollination hypothesis continuing a 150-year-old research programme. should explain angiosperm and insect radiations and explain anomalies, such as lack of diversity of the animal pollinated Medullosales and Cycadales. Two-ACKNOWLEDGEMENTS locus population genetic models of floral isolation or quantitative genetic models of repeated and al-I thank Sue Bertram, David Dilcher, Jennifer Fewell, ternating cycles of specialization and despecialization Greg Pollock, Pat Fall, Bob Johnson, Wendy Marussich, may provide such refinements.
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